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In a study of the esterase and protease of P. roqueforti, Naylor et al. (1930) modified the medium of Czapek by substituting ammonium chloride for sodium nitrate. They found that optimum growth, under their conditions, occurred at an initial pH of 4.5. Thibodeau and MIacy (1942) also concluded that ammonium and organic nitrogen were better nitrogen sources than salts of nitrate and the initial pH of the medium, when adjusted between 4.0 and 7.5, had no effect on the growth of the mold; they did not report the amount of growth quantitatively. Gottlieb (1946) found that P. roqueforti was able to use amino acids as the sole carbon source when incorporated into Richard's medium; but here, too, no quantitative data on mycelial yield were given. This paper describes the formulation of a chemically defined medium for the submerged growth of P. roqueforti. It was devised to obtain relatively large yields of mycelium for further physiological studies of this organism.
EXPERIMENTAL METHODS
Penicillium roqueforti Minnesota strain P 108-2 was used throughout this study. Stock cultures were maintained in soil at room temperature (Greene and Fred, 1934) . The spore inoculum consisted of a thrice washed spore suspension prepared from 4-day-old V-8 agar slant cultures. The V-8 agar slants were prepared by mixing and slanting equal quantities of sterile V-8 vegetable juice and 3 per cent agar in sterile 6-oz prescription bottles. The suspensions were standardized by hemocytometer counts to provide 15 X 106 spores per ml. Then 0.5 ml of the standardized spore suspension was inoculated into 50 ml of medium, contained in 300-ml Erlenmeyer flasks. Cultures were grown at 25 C in submerged culture on a rotary shaker (at 325 times per min and describing a radius of 12 in.). At the 1 Published with the permission of the Director of the Wisconsin Agricultural Experiment Station. This work was supported in part by a grant from the National Science Foundation . 174 end of the growth period, which was 3 days for all media containing Difco Casamino Acids or corn steep liquor, and 5 days for all other media, the entire culture was harvested and washed by filtering through a tared, asbestos-lined Gooch crucible. The crucibles containing the washed mycelia were dried at 85 to 90 C for 48 hr and weighed. The average weight of 3 replicates was used.
The nonsynthetic control medium consisted of 4 per cent corn steep liquor (50 per cent solids) and 3 per cent sucrose. The synthetic media were modifications of Czapek-Dox medium, the modifications are noted at the appropriate place.
For determination of total and ammonia nitrogen in the culture filtrates, the filtrate and washings were combined and made up to a standard volume. Total nitrogen was measured by conventional semimicro Kjeldahl digestion and steam distillation technioues, followed by titration with standardized sulfuric acid. Ammonia was also determined by steam distillation and subsequent titration, but without prior digestion of the sample. Organic nitrogen was calculated as total nitrogen minus ammonia nitrogen.
All chemicals used in this study were of reagent grade purity, with the exception of oleic acid. The oleic acid was obtained from Nutritional Biochemical Corporation, and was of unknown purity.
All glassware was washed with detergent solution and rinsed thoroughly with tap water followed by distilled water.
RESULTS
The influence of the initial pH of the medium on the total yield of mycelium was studied in the corn steepsucrose medium. Aliquots of this medium were adjusted with either HCI or NaOH to pH 3, 4, 5, 7, and 9 before sterilization. The cultures were inoculated, grown, and harvested as previously described. An initial pH of 4 gave the maximum yield of mycelium, with almost as good yields over the range of pH 4 to 7. Therefore, an initial pH of 4 was chosen for subsequent work; later experiments with the synthetic media substantiated this choice. Thibodeau and Macy's observation (1942) casein, 10 per cent nitrogen) were substituted for sodium nitrate in Czapek-Dox medium; optimum yields of 824 mg dry weight mycelium per flask were obtained with a concentration equivalent to 2 g nitrogen per L of medium at pH 4.0. In all later experiments, the nitrogen source was added to the medium so as to furnish 2.0 g of nitrogen per L, unless otherwise noted. When the initial pH of the media containing defined nitrogen sources was adjusted to 6, growth in all instances was poor, averaging approximately 110 mg dry weight mycelium per flask regardless of the levels of nitrogen.
Since the ferrous sulfate was not completely in solution, even at pH 4, it was believed that the nonavailability of the iron might account for the poor growth at pH 6. To test this hypothesis, iron was added as the iron chelate2 at an initial pH of 4 and 6. The medium with the iron chelate was clear after autoclaving; the control flasks with the ferrous sulfate were slightly turbid. The results of this experiment were similar to the one previously described: at an initial pH of 4 with the iron as the chelate and as the sulfate, approximately 500 mg dry weight per flask was obtained, whereas approximately 150 mg dry weight was obtained with both chelate and sulfate iron at pH 6. Also, when the iron was complexed with ammonium tartrate, there was poor growth at pH 6 and good growth at pH 4.
The addition of a mixture of known metals to the modified Czapek-Dox medium increased the total yield of mycelium. The mineral supplement was made up as follows: CuCl2, 15.5 mg; ZnSO4 7H20, 175 HCl and made up to 100 ml with distilled water. One ml of this solution was added per L of medium. The effect of iron and the mineral supplement are shown in figure 1 . Doubling of the concentration of the mineral solution caused no further increase in total yield, neither did the addition of varying amounts of corn steep liquor ash. Experiments to determine if any one of the metals of the mineral solution was responsible for the stimulation in growth proved inconclusive. The medium was therefore supplemented with 50 mg per L of FeSO4. 7H20 and 1 ml per L of the mineral solution.
In an effort to replace the Difco Casamino Acids with defined nitrogen sources, a series of ammonium salts and amino acids were added singly to the modified basal medium in amounts calculated to give 2 g nitrogen per L of medium for the ammonium salts, and 1 g per L of amino acid nitrogen. When DL-amino acids were used, the concentration was doubled. Of the amino acids, alanine proved to be an excellent source of nitrogen for the organism (table 1). To determine if small amounts of amino nitrogen in combination with ammonium sulfate would be better than either one alone, varying combinations of alanine and ammonium sulfate were added to the medium so that the final concentration of nitrogen was 1 g per L. The contribution of DL-alanine was calculated on the basis of the L isomer. Table 2 shows the effect of these additions and indicates that even small amounts of alanine greatly stimulate growth. However, ammonium sulfate added in a concentration calculated to furnish 2 g nitrogen per L was chosen as the nitrogen source in subsequent Next, fatty acids were tested and only acetic and oleic acids were found to be stimulatory. The stimulation by acetic acid at pH 4.0 and 6.0 is shown in figure  2 ; in subsequent work, 0.2 per cent anhydrous sodium acetate was added to the medium. Stimulation by oleic acid was somewhat complicated. An increase in dry weight was noted with increasing amounts of oleic acid, but at high levels, unassimilated acid was observed in the medium at the time of harvesting. Thus, the question arose as to how much of the increase in dry weight was caused by mechanical coating of the cells with unassimilated oleic acid and how much was caused by assimilation and increased growth. To answer this question, cultures were grown in medium with 1, 0.2, and 0.02 per cent oleic acid added; controls were the synthetic medium without oleic acid and corn steep-sucrose medium. After the cells were harvested, dried and weighed, they were placed in a Soxhlet ex- (table 3) . For certain microorganisms, the stimulatory effect of oleic acid often can be replaced by biotin (Nieman, 1954) , but biotin from 100 ,g per L to 0.001 ,ug per L soo-. in the medium lacking in oleic acid gave no increase in mycelium. Medium with the 0.2 per cent oleic acid supplement, however, produced 1.5 times as much mycelium as the medium with and without biotin.
Sodium lactate was added to the medium with and without 0.2 per cent oleic acid in an attempt to keep the pH near 4 during growth. Figure 3 shows that sodium lactate was stimulatory although it did not prevent a decrease in pH and that 0.2 per cent oleic acid again increased the amount of growth.
The synthetic medium finally adopted is shown in table 4. This medium consistently yielded 650 to 700 mg dry mycelium per 50 ml, whereas corn steep-sucrose yielded 1 g per 50 ml (figure 4). The pH was adjusted to 4.0 with HCI before sterilization. Under the conditions of growth, the pH decreased to 2.5 after 3 days of incubation and to pH 2 after 5 days. Adjustment of the pH to 4 twice daily during the growth period did not result in larger yields of mycelium.
The appearance of extracellular organic nitrogen when filamentous fungi are grown on an inorganic nitrogen source has been reported (Morton and Broadbent, 1955; Richards and Haskins, 1957) . The results of several attempts to demonstrate such excretion are summarized in figure 5. Morton and Broadbent (1955) reported that the amount of this excreted nitrogen varied inversely with the concentration of trace metals. In our experiments, decrease in concentration of or omission of the mineral supplement, decrease in concentration of or omission of the ferrous sulfate, or omission of both mineral supplement and ferrous sulfate produced no measurable difference in the amount of extracellular organic nitrogen. DIscussIoN Naylor et al. (1930) and Thibodeau and Macy (1942) recognized the unsuitability of nitrate nitrogen for the growth of P. roqueforti. Gottlieb (1946) , however, used nitrate nitrogen in his medium but also included an amino acid as a carbon source. Our results suggest that the amino acid in Gottlieb's medium could have supplied the nitrogen as well as the carbon needed by the organism. P. roqueforti grows well with ammonium nitrogen or organic nitrogen, but ammonium nitrogen was included in the medium finally selected because of its desirability in the studies on nitrogen excretion.
In all studies in which the initial pH was adjusted to 6, the growth was extremely poor and quite often the pellets of mycelium were odd in form. No clue as to the factor(s) limiting growth at pH 6 has been found. When the pH was adjusted initially to 4, the 1000 X6000 in 2 600. Figuire 5. Excretion of extracellular nitrogen during growth mycelium developed rapidly and uniformly throughout the medium. The pH of the medium at the end of the growth period had decreased to about 2 which might limit growth; however, from experiments in which the pH was adjusted daily it appears that the limitation, if any, was very small. Nevertheless, the somewhat better growth obtained in corn steep-sucrose medium may be due to the better buffering capacity and maintenance of the pH at about 4. The use of urea or ammonium tartrate in place of ammonium sulfate avoided the decrease in pH; however, when these substances were used, intense sporulation occurred and the yield of mycelium was lowered.
As with many other molds, pH control during sub- [VOL. 6 13 to 14 mg dry weight mycelium per ml of medium. Ammonium and amino acid nitrogen are good nitrogen sources for the organism, whereas nitrate nitrogen is not. Trace metals, sodium acetate, sodium lactate anid oleic acid increase the total yield of mycelium. Vitamins had no effect upon the total yield of mycelium. For optimum growth the initial pH of the medium was adjusted to 4; during growth the pH decreased to 2.
Negligible amounts of soluble organic nitrogen were found in the growth medium during the period of growth. Varying the concentration of the mineral supplement did not increase the amount of soluble extracellular nitrogen.
